The epidemiological studies which have had significant impact on the setting of National Ambient Air Quality Standards (NAAQSs) were performed more than twenty years ago. Most of the more recent studies have been seriously flawed in their design and/or execution because they neglected to account for important variables such as: pollutant exposures other than those from ambient air; the influence of personal activity on pollutant uptake; host responsiveness; and the separate contributions of recent transient peak exposures and long-term chronic exposures on the effects endpoints. For particulate pollutants, the influence of composition and size distribution has also received too little consideration. In order to address these deficiencies, research and methods development are needed on: indices for particulate exposures; identification of exposures relevant to the effects; improved indices of effects; acquisition of response data; identification of exposed populations; and identification of susceptible subgroups. Approaches to these needs are discussed, along with brief reviews of several recent studies that have focused on critical issues of concern, made the necessary efforts to characterize the relevant exposures of the populations being studied, and demonstrated human responses to ambient pollutants at current exposure levels.
Introduction
Studies of population responses to air pollutant exposures are as difficult to design and perform as any in environmental epidemiology. There are few cases where the exposures to the pollutants of interest can be well characterized or where the effects of interest are attributable directly and solely to the pollutant exposures. Furthermore, very few investigators have both the necessary sophistication in exposure assessment and in evaluation of sensitive indicators of response. In all studies, success is dependent upon skill and constant attention to detail among field personnel responsible for the collection of environmental and response data, and such capabilities are very difficult to assemble and even more difficult to maintain over extended follow-up periods.
This critical review focuses on the limitations of the widely used indices of exposure and response and on the opportunities for significant contributions by epidemiological studies that account for important exposure variables. It describes some recent studies that have been particularly productive because they have gone beyond the conventional designs and have focused on critical current issues with some new approaches and concepts. It also discusses some of the needs for additional research on methods and/or populations where new approaches could lead to significant advances in our understanding of population responses to air pollutant exposures.
The discussion emphasizes the so-called criteria pollutants, which have been the focus of a large majority of past studies in air pollution epidemiology.
Historical Perspective
The utility of many past air pollution epidemiology studies has been severely limited by our inability either to identify or to measure the pollutant parameters responsible for the observed effects. Other studies have been limited by the insensitivity of the indices used to measure effects or their weak relation to the biological effects produced by the polutant exposures. This section reviews the limitations of the commonly used indices of exposure and response.
Exposure Indices
Great advances have been made in our ability to measure the airborne concentrations of many pollutant gases and vapors. Sensitive monitors are now available for the continuous measurement of specific molecular forms such as sulfur dioxide (SO2), nitrogen dioxide (NO2), ozone (03) and carbon monoxide (CO). With modern calibration and data acquisition systems, we can accumulate, store, and retrieve accurate concentration data for the specific vapor for any given interval of time in terms of either peaks or averages. We no longer have to depend on nonspecific analyzers of electrical conductivity for SO2 or total oxidant as a surrogate for 03.
Problems still remain in relating ambient concentrations of the pollutant gases and vapors at fixed monitoring sites to the actual exposures of populations of interest, and some of these problems will be addressed further under the topics of "Neglected Variables" and "Research Needs."
The differences between concentrations at fixed monitoring sites and the actual exposures of individuals in a study population also complicate studies of airborne particles. These differences affect exposure assessments for both gaseous and particulate pollutants. However, with particles, we have many additional variables and even less capacity to measure or account for them than we do with gaseous pollutants.
Two of our criteria air pollutants are present in ambient air as particulate matter and are described in terms of mass concentrations collected on air sampling filters. These are lead (Pb) and total suspended particulate matter (TSP). For both, the biological effects can be strongly influenced by particle size distribution and particle composition. The former determines the distribution of particle deposition along the respiratory tract and hence the local tissue dose and translocation pathways. The latter determines chemical solubility and reactivity and therefore affects uptake by body fluids and access to remote organ systems.
Of the two particulate criteria pollutants, Pb is clearly the easier one to deal with in terms of exposure-response studies. The toxicity is clearly related to the absorbed Pb and its toxicokinetics. The TSP standard makes no distinction about either particle size or chemical composition.
The newly proposed particulate matter standard (Federal Register, March 9, 1984) does narrow the range of sampled particles to those which can penetrate through the oral airways into the trachea and more distal airways, on the basis that the expected health effects of particles are those which occur in the lungs or in remote organs after dissolution in the lungs. However, the newly proposed standard still makes no distinction about composition, even though we have no reason to expect that the various constituents have similar biological effects. Thus, both the TSP and the proposed PM,0 standards make the implicit assumption that acidic droplets, oil drops, carbon particles, fly ash and wind blown soil are all equivalent in potential toxicity.
Based upon these considerations, it comes as no surprise to environmental epidemiologists that the associations between nonspecific indices of particulate pollution such as TSP and health-related endpoints is highly variable in time and with target population.
Another distinction between our capability for monitoring gaseous and particulate pollutants lies in temporal response. Particle monitoring is generally done by the States for regulatory purposes by determining sample masses collected over long sampling periods such as 24 hr and may be done only at arbitrary intervals such as every sixth day. Thus, the available data may be useful for estimating annual average concentrations, but are virtually useless in relation to defining human responses to relatively brief pollution episodes or to a series of periodic episodes.
Some other particulate concentration indices which have been used in epidemiological studies include British Smoke (BS) and Coefficient of Haze (CoH) and involve optical measurements of particles collected on filters. They can provide a continuous record of concentrations averaged over much shorter intervals (several hours) but have their own specific limitations.
The Appendix presents a brief discussion of some of the more relevant features of the particulate pollution indices most widely used in past epidemiological studies. It demonstrates that BS, when expressed in micrograms per cubic meter, is based on site-specific calibrations. What it actually measures is the blackness of sampled particles. Furthermore, because of its design, only particles with aerodynamic diameter of <4.5 ,um were sampled. TSP, on the other hand, has a wind speedand direction-dependent upper cut size of ca. 25 to 50 ,um and can be affected by sampling artifacts such as SO2 collection, and loss of volatile particulate mass. Thus, particulate matter indices such as BS and TSP are neither directly comparable nor convertible to each other or to other indices that have different sampling characteristics or analytical procedures.
Response Indices
There are a limited number of indices of health-related responses that can be measured among populations under study. There are objective data that can be gathered from routine data files, such as daily mortality, hospital admissions, days lost from work or school. There are also data that can be collected directly from all, or suitably selected subsets, of the population of interest. These include responses to specific questions and measures of functional status or capacity. For each response, care must be taken to account for its cause-specific character and temporal lags between exposure and response.
Some of the indices, such as daily mortality, are useful only for evaluating the presence of acute respiratory disease responses to short-term periods of elevated exposure. Increases in daily mortality were associated with pollution episodes occurring more than 20 years ago, but the excesses were largely confined to subpopulations already having advanced chronic lung disease. Others, such as the incidence 
Neglected Variables
In studying responses to exposures among populations, it is usually difficult, and sometimes impossible, to collect all of the relevant data on the factors that influence each individual's pollutant dose or responses. Some of these factors are primarily related to the likelihood or severity of responses, such as genetic predisposition in terms of biological responsiveness to a given dose, variations in airway and airspace sizes which affect the deposition of dose from a given exposure, and immunological status. Others, such as cigarette smoking, have a variety of influences. These include: (1) shortterm physiological effects on blood flow and airway caliber that affect the dose received from a given air pollutant exposure; (2) the effects of cumulative toxicity on host defenses; and (3) the incremental exposure from the smoke itself on the cumulative dose of pollutants such as CO, NO2, and respirable particulates.
Since most epidemiologists are aware of the influence of factors modifying responsiveness to pollutant exposures, this discussion will focus on those environmental factors which primarily influence the pollutant dose, on the premise that their importance is less well known and appreciated. Some of the more important of these addressed here are: the influence of indoor pollutant sources on an individual's overall pollutant exposure; the influence of the level of physical activity on pollutant uptake and effects; the influences of particle size distribution and chemical composition on pollutant uptake and effects for nonspecific pollutant classes such as particulate matter; and the influence of transient peak exposures on chronic disease endpoints.
Indoor Exposures
Pollutant exposures in pre-industrial societies were primarly related to the use of unvented or poorly vented indoor fires for cooking and space heating. With the shift to gas for cooking and to reasonably well vented central heating furnaces, indoor air has generally been cleaner than outdoor air, and air pollutant health effects were usually associated with pollutants released to, or formed in, the outdoor air.
Since A number of indoor pollutants have been reported to be associated with adverse health effects, and the potential for such effects should be considered in designing protocols for studies of air pollution epidemiology. These include: passive cigarette smoke exposure related increases in the incidence of acute lung disease in children (1) (2) (3) and cancer in spouses (4) (5) (6) and reductions in the lung size and/or rate of growth in children (7); NO2 exposure, as indicated by the use of gas stoves for cooking, and increases in acute respiratory disease rates in children, (3, 8, 9) ; radon and progeny-related lung cancer (10) ; and formaldehyde-related cases of allergic sensitization and irritation (11) . In (18) (19) (20) .
Aerosol Composition and Size Distribution
Ambient particulate matter includes primary submicrometer particles such as carbon and lead oxides from motor vehicle exhaust, primary coarse particles such as wind blown soil and fly ash, secondary submicrometer particles such as H2SO4 and its ammonium salts and various oxidized organic compounds, and coarse mode particles with primary particle cores coated with nitrates from surface reactions with HNO3 vapor. The particle size distribution of the inhaled particles, together with respiratory rates and flows and the airway size of the exposed individuals, determines deposition efficiency in the airways. Chemical composition determines dissolution rates and/or chemical reactivity with airway fluids and cells.
For H2SO4, Amdur et al. (21) found an increasing effect on flow resistance in guinea pigs with decreasing droplet size. For sulfate salts, the effect on flow resistance for a constant particle size varied with cation, in the order: H2SO4 > Fe2(S04)3> ZnSO4 > (NH4)2SO4 > NH4HSO4 > CUSO4 > FeSO4 > Na2SO4> MnSO4 (22) . In humans, Utell et al. (23) found that airway conductance was directly related to aerosol acidity. Similar observations were made for the effects of acidic sulfates on mucociliary clearance in rabbits by Schlesinger et al. (24) . If aerosol acidity is an important factor in particulate pollution health effects, then sulfate ion concentration is a poor surrogate index since the ambient H +/ So42-ratio varies widely over the range 0 to 2.
Influence of Transient Peak Exposures on Chronic Disease Endpoints
Chronic exposures to inhaled cigarette smoke can lead to reduced rates of lung growth in children (7) and increased rates of loss of function in adults (25 Two of the studies focused on acute responses to shortterm peak exposures, one by direct measurements of functional responses, the other by use of available data on hospital admissions. The third study focused on the association between chronic disease endpoints, as determined from questionnaire responses, and long-term chronic exposures.
Acute Effects of Ozone on Respiratory Function
Our recent studies of the effects of exposures to summer haze episodes provides an example of a protocol focused on a critical issue in a population with a minimum of confounding factors. It is well known that hazy air masses containing elevated ambient concentrations of 03 and/or acidic secondary aerosol develop and persist over large areas of the eastern U.S. each summer.
The issue was whether periodic exposures to these hazes were having any effect on human health or function. The highest exposures generally occur in the midwestern and northeastern states, with significant episodes of 3-5 days duration generally occurring about four to six times each summer. The O3 concentrations in such episodes usually exceed the National Ambient Air Quality Standard (NAAQS) of 1-hr maximum above 120 parts per billion (ppb), and may reach 200 ppb. Acid aerosol concentrations, as H2SO4 equivalent for 6-hr averages of 15 to 20 ,ug/m3 have been observed.
Our approach was to select a population having the following characteristics: (1) located in an area expected to be subject to frequent passages of hazy air with high 03 and H2SO4 concentrations: (2) located in an area with a minimum of locally generated air pollution which could affect the health endpoints to be measured: (3) nonsmokers, since cigarette smoking affects the functions and symptoms of interest; (4) out-of-doors activities, since 03 and H2SO4 concentrations can be substantially lower indoors than outdoors, and the indoor exposures (27) , for which Indiana was one of the "clean" control communities.
c (26) The period studied (June 30-July 12, 1980) turned out <~k (68) to be highly atypical and the only "normal" summer haze episode occurred late in August, long after the camp program had ended. The summer was relatively cool, total suspended particulate and acidic aerosol concen-58 children trations were very low, and the highest peak 1-hr 03
ire different days concentration occurring in a study day was 110 ppb. Thus, we were somewhat surprised to find 03-related decrements in daily average FVC and FEV1.0 (26) . These results are summarized in Table 1 and Figure 1 .
A re-analysis of the Indiana peak flow data by Lebowitz (28) showed that averages for nonrainy days with 03 < 100 ppb were significantly greater than for days k (68) with 03 : 100 ppb. Further analysis by Hazucha (29) indicated one outlier, the day with the lowest 03 conc(26)~centration; when it was removed, the regression of peak < flow on 03 was significant. n is a dashed line dent change in peak expiratory flow rate (PEFR). In children measured both studies, the 03-related decrements were greater ns for the Indiana, in girls than boys.
In the Mendham, NJ, study, the highest peak 1-hr 03 concentration on a study day was 143 ppb. This was iysical activity, the first of four successive days with peak 1-hr 03 conLs to pollutants centrations above the NAAQS (i.e., 143, 185, 165, 134 ur in exercising ppb). We therefore also examined whether this susdaily measure-tained period of high 03 exposure had any persistent hanges in func-effect on the measured functions. For PEFR, there apition exposure.
parently was a baseline shift lasting for about one week. the summer of Figure 2 shows the average residual deviation for each secure the co-child's PEFR-03 regression versus calendar day. The the desired at-high values of deviation during the week following the ildren attending period of high 03 exposure indicate a persistently re- (Table 4 ). In the winter, only temperature affected admissions. Nonrespiratory hospital admissions were not associated with the environmental variables. Also, there were no significant associations between respiratory admission and levels of NO2 and CoH.
It was not possible, from these data, to separate out the influences of SO2 and 03 With data from additional ,uag/m3. The concentrations of NO2 were highly correlated with those of SO2.
As a risk factor, SO2 was associated with "wheeze most days or nights" in nonsmokers, with the relative risks of residents of low, median and high SO2 areas being 1:1.26:1.58, respectively (p = 0.02). As shown in Table 5 In most cases, it is much better to select the population to be studied on the basis of their having a minimum of confounding pollutant exposures rather than in trying to measure and correct for such exposures.
Improved Indices of Effects
For most studies, investigations of responses in specific individuals are limited to noninvasive physiological measurements and questionnaire responses. The sensitivity of the physiological endpoints can be improved, sometimes markedly, by the administration of additional agents or stresses. These include exercise challenge (15) (16) (17) (18) (19) (20) , cold air challenge (35) , and administration of a bronchodilator (3) or bronchoconstrictor (23) 
Improved Acquisition of Response Data
For each of the kinds of health effects endpoints available to the air pollution epidemiologist, there are some improvements and refinements in data collection which can improve the precision of measurement and therefore the power of the analysis to detect subtle effects.
The standardized respiratory health questionnaire of The American Thoracic Society (ATS) represents a significant advance over earlier versions, and helps produce relatively unambiguous data in a uniform format (37) . However, it may not be sufficient for specialized studies. Additional questions may be needed for studies involving children and other potentially sensitive subpopulations. Also, where the effects of specialized exposure environments are being studied, such as indoor residential, commercial and transportation microenvironments, many more questions about the characteristics of the microenvironment and the individual's activity patterns and lifestyles need to be asked.
The deficiencies in the recording of cause of death are well known to all epidemiologists with experience in mortality studies. However, practical remedies for this poor state of affairs are not obvious. It is also well known that the reporting of morbidity data is nonuniform. There are exceptions, such as the hospital admission data used by Bates and Sizto (33) in southern Ontario, which were available because of reporting requirements set up for the benefit to financial analyses in a system of socialized medicine. The attempts in the U. S. toward hospital care cost containment may provide an opportunity to establish a more uniform basis of reporting of hospital admissions in this country.
Respiratory function data can also be made more precise, primarily in terms of obtaining optimal efforts from the subjects undergoing forced expiratory maneuvers. In the past, the performance of effort-dependent maneuvers were difficult to evaluate from visual examination of spirograms or simple flow indicators. The recent development of microprocessor systems for spirometry provides an opportunity for direct, real-time comparisons of pulmonary performance with previously collected data from the same individual, or with populationbased norms. Disparities can be resolved or confirmed by collecting additional data on the same occasion.
Identification of Exposed Populations
The ability of studies in natural populations to detect health effects depends, in large measure, on identifying an accessible population with a reasonably high exposure to the pollutant(s) of interest and minimal exposure to other pollutants or cofactors which affect the available response endpoints. In this sense, the success of the Clean Air act in reducing ambient air pollution has made it more difficult to design studies capable of detecting effects.
One approach to characterizing health effects from air pollutant exposure is to conduct studies outside the U.S., where exposures are much greater. For example, exposures to "old-fashioned" coal smoke are particularly high in Beijing, China, in the winter months (38) , and there is a minimum of pollution from other major source categories, such as motor vehicles. Exposures to photochemical smog are particularly high in Mexico City, where fuel use for space heating is minimal and there are 2.5 million automobile without emissions controls (39) .
Populations within the U.S. with special exposures of interest include rural communities in Oregon (40) and other rural U.S. regions (41) where extensive use is made of wood for space heating, users of unvented kerosene space heaters which produce high indoor concentrations of NO2 and SO2, and residents of forested areas of the northeastern U.S. who have maximal periodic exposures to acidic aerosols in the summer.
Identification of Susceptible Subgroups
Individuals may be at special risk when exposed to air pollutions for several reasons. These include: (1) constitutional factors, such as variations in airway and airspace sizes, which can significantly affect the dose received from a given, exposure (42); (2) genetic defects, such as severe homozygous a,-antitrypsin deficiency, which leads to degeneration of peripheral lung structures (43); (3) reduced ventilatory capacity because of in utero exposures arising from maternal smoking and/ or passive cigarette smoke exposure as a child (7); (4) occupational and/or hobby related exposures to airborne toxic chemicals; and (5) lifestyle related activities, such as jogging, which substantially increases lung uptake of ambient pollutants.
Some potential risk factors can be identified by screening tests. For example, average airway and airspace sizes and evidence for minimal airway obstruction can be measured in in vivo inhalation tests using inert monodisperse aerosols as probes (44) . Responsiveness to inhaled bronchoconstrictive drugs can be used to indicate susceptibility to the development of airway obstruction from cigarette smoking (45) , and presumably from air pollutants having similar effects on the lungs. of relatively small aerodynamic size (Fig. 4) ; (2) the amount of particulate matter collected on the filter was assessed in terms of light reflectance from the surface of the filter and not directly in the reported units of ([tg/ m3); (3) the reflectance of particles on a filter depends upon factors other than mass density per unit of surface area and varies with particle size, shape and color, and therefore with location, season, and changing fuel usage and combustion conditions. Such differences are illustrated in Figure 5 . Figure 6 , it consists of a high speed, two stage turbine blower coupled to a 8 x 10-in. filter holde and is mounted within a free-standing rectangular shel ter. The filter used has generally been a glass fiber ma whose collection efficiency for all particle sizes is clos to 100%. The filters are weighed before and after th sampling interval, and the incremental mass divided b' the sampled air volume is called the total suspende particulate (TSP) matter concentration.
While there is no intentional selection of particle size range measured, the physical configuration of the sampler and the ambient air velocity combine to impose an effective upper size limit on the particles that are sampled. Unfortunately, the upper size-cut is dependent on wind speed and direction, which vary with time and sampling location. It also depends on the inlet size, which can vary sufficiently from instrument to instrument within the dimensional specification to affect the cutsize. The effect of wind speed on the upper size cut of a Hi-Vol is illustrated in Figure 7 . These data were obtained in wind tunnel tests in which the sampler was rotated at one revolution per minute to eliminate the additional variable of wind direction. Variations in the size cut can have an important effect on TSP when wind speeds are high and there are large particles suspended in the ambient air, since the largest particles sampled tend to dominate the sampled mass under those conditions.
Another problem with Hi-Vol-determined TSPs can result from the collection of sampled vapors which increase the incremental mass. The major problem of this type is the collection of sulfur dioxide (SO2) on conventional glass fiber filters. The bulk of routine samples were compromised by this "sulfate artifact" collection for many years before the problem was recognized (47) (48) (49) (50) (51) . Nitric acid vapor can also be collected on sampling 0 filters (52) while nitrates and organics collected on filters can be lost before analysis because of volatilization (53) (54) (55) . this approach was the definition of "respirable" dust in relation to the evaluation of the risks of pneumoconiosis resulting from the inhalation of crystalline silica and coal mine dust. Both the British Medical Research Council (BMRC) and the American Conference of Governmental Industrial Hygienists (ACGIH) defined "respirable" dust as that fraction penetrating through the conductive airways of the head and tracheobronchial tree and available for deposition in the nonciliated alveolar zone airspaces where the dusts can cause lung fibrosis (56) .
While the size range specified for "respirable" dust may be suitable for particles which cause pneumonconioses or emphysema, they are clearly inappropriate for particles which produce diseases following their deposition on the surfaces of the conductive airways. Thus, for wood and leather dust which can cause nasal cancers in exposed workers, the particles which deposit in the nasal airways should be sampled. Similarly, for particles which contribute to the pathogenesis of chronic bronchitis and bronchial cancer, the particles which deposit in the tracheobronchial airways should be sampled.
Criteria for particle size limits suitable for deposition in the head and tracheobronchial regions have recently been established by the International Standards Organization (ISO) Committee TC 146, and these are summarized in Figure 8 (57) . Head deposition is the difference between the inspirable and thoracic fractions, while tracheobronchial deposition is the difference between the thoracic and alveolar fractions.
The U.S. EPA has recently proposed a new primary ambient air quality standard using a concentration index known as PM10. PM10 is essentially the same as the ISO thoracic fraction, i.e., the particles which penetrate through the larynx and are available for deposition on the tracheobronchial and/or the alveolar epithelia. The pending U.S. EPA standard excludes the particles which deposit in the airways of the head on the basis that the diseases which have been associated with ambient air pollution (bronchitis, emphysema, asthma, and lung cancer) are all diseases of the chest. PM10, with a 50% aerodynamic diameter at 10 ,um, will therefore include larger particles than those collected by BS samplers, and exclude the larger particles collected by the Hi-Vol samplers. Because of the difference in upper cut-sizes, the numberical mass concentration limits of the earlier primary ambient air quality standards cannot be translated directly into concentration units of PM10 particles. Under stable atmospheric (inversion) conditions at locations where coarse particles are not being generated, the mass concentrations of BS, TSP, and PM10 could be very similar. On the other hand, in locations where wind speeds are high and the particles are low in optical opacity, the mass concentrations could differ radically. On the basis of experience with colocated TSP and PM10 samplers under a variety of representative current U.S. conditions, the U.S. EPA estimates that the PM1OTSP ratio will average about 0.6:1. Under other conditions, especially those associated with wintertime urban and summertime photochemical smog episodes, the ratio could be different.
Design and Performance of SizeSelective Sampler Inlets
In preparing for possible revision of its ambient air particulate standard, the U.S. EPA initially considered an upper size cut centered on 15 ,um aerodynamic diameter, which it called "inhalable" dust (58) . It was considered a conservative cut size, based on a penetration fraction to the thorax of 10%. While the "inhalable" dust was subsequently discarded in favor of PM10, a number of axisymmetric sampler inlets were designed and calibrated for the 50% cut at 15 pum. These for the EPA (60) .
The specifications which U.S. EPA promulgates for such inlets are likely to be performance specifications rather than design specifications. As noted earlier, the design specifications for the Hi-Vol sampler permitted significant variations in performance. With a performance specification, the instrument manufacturers have more design freedom, but must submit test data to demonstrate that their sampler inlets do perform the desired cut within the designated tolerance under the specificed range of wind speeds.
The designs illustrated in Figures 9 and 11 appear to provide the independence of wind speed and cut characteristics desired by both the U.S. EPA and ISO.
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